This paper describes a new filamentary probe recently introduced on the COMPASS tokamak. It allows the measurement of electrostatic and magnetic properties of the filaments and their changes in dependence on distance from the separatrix in the region between a divertor and midplane. The probe head is mounted on a manipulator moving the probe radially on a shot-to-shot basis. This configuration is suitable for the long term statistical measurement of the plasma filaments and the measurement of their evolution during their propagation from the separatrix to the wall. The basics of the filamentary probe construction, the evolution of the plasma parameters, and first conditional averages of the plasma filaments in the scrape-off layer of the COMPASS tokamak during the L-mode regime are presented. [http://dx
I. INTRODUCTION
Due to their characteristic shape, plasma structures elongated along the magnetic field lines within the scrape-off layer (SOL) are called plasma filaments. Filaments have increased density and temperature in comparison to the background plasma [1] [2] [3] and move radially outwards from the plasma column due to E × B forces. Electric current conducted along the filaments was observed on the RFX-mod and ASDEX-U. 4, 5 Higher plasma density and temperature and carried electric current increase carried energy. Thus, the plasma filaments increase energy and particle transport within the SOL from plasma to the walls. This carried energy is deposited on the vessel walls and in-vessel components very unequally and represents a seriosus danger for these parts. Particularly, groups of filaments during the H-mode known as ELMs are representing severe danger for the first wall and divertor components as well as inserted diagnostics and instrumentation. 6, 7 This work presents a recently introduced combined diagnostic system for the measurement of the plasma filaments' electromagnetic features located in an unusual position between the midplane and divertor on the COMPASS tokamak. 8 Moreover, we confirm the presence of the parallel electric current flowing along the filament within the SOL in the L-mode. We have analysed mutual dependencies of filament properties. In Sec. III, we present parameters of the conditionally averaged plasma filaments during the L-mode regime, particularly carried parallel current density j par , ion saturation current I sat , and floating potential V float and their dependence on the distance to the separatrix r sep .
A. Plasma filaments
Plasma filaments are turbulent structures appearing in all magnetic confinement devices within all magnetic topologies, a) Electronic mail: kovarik@ipp.cas.cz e.g., on the RFX-mod, 9 CASTOR, 10 TJ-II, 11 TCV, 12 MAST, 13 etc. They are released from the confinement region as a cloud of hot and dense plasma. This cloud starts to propagate in the confinement region and after passing the separatrix they continue in a movement away from the separatrix and poloidally according to the E × B force. 14 The typical size of the filaments is in the order of centimetres in the direction perpendicular to magnetic field lines. Typical velocities are in the order of km/s in the direction perpendicular to the magnetic field lines. 15, 16 Numerical models usually calculate the self-consistent local evolution of electron density n e , electron and ion temperature T e and T i , plasma potential Φ, vorticity ω (e.g., ESEL), and in some cases parallel electric current density j par (e.g., TOKAM3X, SOLF1D). [17] [18] [19] But the measurement of all listed properties, in order to validate these codes, with good enough spatial and temporal resolution is almost impossible. Moreover, electrostatic measurements are usually performed using midplane manipulators and/or divertor probes. Other locations are observed with optic diagnostics that can confirm shape and speed of the filament but not the plasma parameters. Moreover, only a few devices introduced probes allowing the measurement of the magnetic properties of the filaments, i.e., electric currents along the filament. Therefore, the output of the codes is usually validated on electrostatic parameters for the midplane region and/or the divertor region if calculated.
We decided to focus on the magnetic features of the plasma filaments in the L-mode. Thus, we prepared a new diagnostic probe that contains not only Langmuir tips for the filament identification and basic analysis but the system of coils as well. It allows the investigation of magnetic features of the filaments and, namely, the parallel electric current flowing alongside the filament.
II. FILAMENTARY PROBE
The primary goal of the probe is the measurement of the parallel electric current within the plasma structures within 0034-6748/2017/88(3)/035106/7/$30.00
88, 035106-1 the SOL. A probe with similar goal was already operated at the RFX-mod in Padova; 4 therefore, we cooperated with the team in the development of the probe for the COMPASS tokamak. The sample probe from the RFX-mod was optimized for the detailed measurement of the filament cross section and minimum effect on filaments. Therefore, the RFX-mod probe covers large space of r × p = 50 × 160 mm with a gap of 88 mm between the towers. Our probe was optimized for tokamak conditions with a higher ratio of toroidal and poloidal components of magnetic field (B T /B pol ∼ 5 at the COMPASS tokamak and B T /B pol ∼ 1 on the RFX-mod) and made more compact to reduce the impact on plasma with maximized gap between the towers to minimize the effect on the plasma filaments.
Calculation of the parallel current requires the sequence of points with the measurement of poloidal and radial magnetic fields enclosing the area where the plasma filament is passing. We solved this issue by placing 3 sets of 3D coil systems in the radial direction into two identical poloidally separated towers. The coils (their centres, respectively) enclose a space of 18 × 44 mm and the free space between towers is 20 mm wide, see Fig. 1 . The space between the towers is a compromise between the minimized probe impacts on passing filaments (the distance between towers is comparable to the filament poloidal size), keeping a small distance between the measuring coils to minimize the spatial effect for the parallel current calculation and total outer dimensions of the probe head to allow insertion into the access port with a diameter of 100 mm.
The detection of the filaments is performed by a set of Langmuir tips located identically on each tower. Triplet at the top of the probe is used to observe the parameters of the plasma and the possible risk of probe damage assessment. The tips are in an array in the poloidal direction and separated by 4 mm. The second block of the Langmuir tips forms the so-called rake probe. 20 It consists of 6 L tips in a radial array located on the side oriented towards the midplane and it is used for the detection of the filaments (namely, the tower B with Langmuir tips located on the inner side) and for the detailed analysis of the filament electrostatic parameters and the assessment of their radial speed using their correlation. The tips are separated by 4 mm and a cover range of 20 mm. It should be highlighted that the radii covered by the rake probe correspond to the radii covered by the coil systems.
A photograph of the final probe head is in Fig. 1 together with the schematic drawing of its position within the poloidal cut of the COMPASS tokamak with a highlighted separatrix during the flat-top phase of a standard discharge #8118.
The towers are made of boron nitride as one of a few materials that is vacuum compatible electric insulator with a high temperature limit and good heat conductivity. Thermal properties are important for probe survival in the tokamak plasma in the SOL in a reasonable distance from the separatrix. The thickness of the boron-nitride walls of the probe head is at least 5 mm due to the required mechanical strength. Thermal simulation predicted heating up of the probe surface up to 700 • C in case the of electron density of n e = 5 × 10 18 m 3 and temperature of T e = 35 eV that is above the expected parameters in the location of the filamentary probe. An electric insulator is necessary in order to minimize the effect on the filaments including short circuiting in both perpendicular and parallel directions with respect to the magnetic field lines.
The probe is inserted in the tokamak scrape-off layer close to the separatrix below the midplane (port 14/15 AL). It can be positioned up to 20 mm from the separatrix of standard discharge flat-top phase in dependence on probe position and plasma shape and position. Large space between the separatrix, vessel wall, and outer divertor leg allows the insertion of the probe deep into the vessel that ensures that the measurement is not affected by the vessel wall. The mounting of the filamentary probe allows radial movement and angular adjustment on a shot-to-shot basis. Due to its fixed position, the filamentary probe is optimal for the statistical analysis of the SOL turbulent structures. On the other hand, the unusual position in between the midplane and divertor does not allow direct comparison with measurements of probes located at the midplane. This biasing voltage is comparable with the deepest peaks of floating potential of big plasma structures and, therefore, it is not suitable to straightforward plasma density calculation, but it is low enough for plasma filaments' identification with no risk of electric arcs making the signal useless at all. The Langmuir tips of the filamentary probe can be set individually in the I sat or V float regime. During the series of the measurement, we used a probe connection that, according to our opinion, suits for the measurement of the filament properties as well as further statistical measurements within the SOL and might be useful for the development and validation of theoretical models of the SOL plasma behaviour. The connection of the individual channels is as follows:
• the top triplets are connected in the ion saturation current (middle tip) and floating potential (2 edge tips) regime, • the whole rake probe on the opened side (tower A) is connected in the ion saturation regime in order to obtain clear correlations between the signals, • the rake probe in between the towers (tower B) is connected alternately in floating potential and ion saturation current regimes starting with floating potential on the tip closest to the separatrix.
Langmuir tips in rake probes in the same regime are used for correlation analysis such as the estimation of filament radial velocity and effective size. Dependent variables as local plasma density and temperature are not calculated as we are not able to measure other variables needed for their evaluation.
The parallel electric current density within the filament can be calculated from signals of magnetic coils using Ampere's integral,
In our case, it means that a sequence summation of radial and poloidal components of the magnetic field, averaged from coils at the beginning and end of the spatial segment for each time element, multiplied by corresponding distances of the actual coils blocks
where d rad or d pol could be zero if the poloidal or radial coordinates of the coil blocks are the same. Coil signals are directly acquired and the signal is integrated numerically to obtain the magnetic field value. Data acquisition starts after the toroidal magnetic field reaches the requested value and approximately 50 ms before the plasma breakdown. Not all the coil blocks from the sequence A1-A2-A3-B6-B5-B4-A1 have to be used but the number of used coil blocks reduces the estimate errors. The computed parallel current is divided by the area enclosed by the used coil blocks, see Fig. 2 .
The second possible method for parallel current calculation is the Maxwell equation,
where we use 3 blocks of the coils for the calculation of the spatial derivatives of the magnetic field. In particular, we chose 3 coil blocks where 2 of them have the same radial coordinate, e.g., A1-A2-B4 (r A1 = r B4 , highlighted in Fig. 2 with green line). The equation is
In order to reduce the effects of spatial dependence of the method response, we calculate the average value of all reasonable combinations of the coils for each time element. Effective position of the parallel current density is established as the average of the used coil block's positions.
Results obtained by both methods are similar in shape and values. Due to the effect of the main plasma current on absolute values of reconstructed parallel electric current density, we present only parallel electric current density fluctuations.
The filamentary probe is capable to detect L-mode plasma filaments and measure the evolution of the filament properties as apparent in Fig. 3 . The ion saturation current signal of RakeB2 probe shows clearly the characteristic peak which corresponds to the peak in plasma density as the main feature of the filament (a) that is kept during its movement in the SOL. Therefore, ion saturation current peaks are used for the detection of the presence of the filaments.
The floating potential shows strong perturbation characterized by initial increase and sudden drop (Fig. 3(b) ) that is influenced by changes in the plasma potential and increase of electron temperature within the filament. 21, 22 This evolution changes with the potential balance and cooling of the plasma. This change is faster than the change in the density profile. It is visible on signals with a different distance to the separatrix, i.e., a different lifetime of the filament since the release from the plasma. The comparison of signals from Langmuir tips RakeB1 (closer to plasma) and RakeB3 (farther from plasma) shows decrease in the amplitude of the signal swing that illustrates the graph Fig. 3(b) where the signal of probe RakeB3 shows a lower amplitude of the perturbation than the signal RakeB1, and similarly, fluctuations of floating potential of the signal RakeB3 are in shorter time reduced below a level of ±10 V within a time window of 1 µs.
During the passage of the filament over the filamentary probe was observed the perturbation of magnetic field (Figs.  3(c) and 3(d) ). This perturbation corresponds to the change of parallel electric current flowing (Fig. 3(e) ). In this case, the parallel current perturbation is shifted in time from the originating filament. It can be the effect of the different position of effective point of parallel current evaluation (the mean value of used coil block positions) with respect to the Langmuir tip RakeB2 used for identification or the filament is not passing clearly over the Langmuir tip RakeB2 and the detected maximum of I sat signal does not correspond to the centre of the filament or inhomogeneity of the parallel electric current density distribution over the filament. The continuation of evolution of the magnetic perturbation and consequent parallel electric current density perturbation can be caused by another current filament passing near the filamentary probe out of the range of presented rake probe B.
A hodogram of the magnetic perturbation clearly shows the mutual transition of individual components of the magnetic field, see Fig. 4 . Red line highlights the time segment when the parallel current peak appears. It can be seen that the magnetic field transforms from one direction to another and back and, as a consequence, the perturbation forms an enclosed line in the hodogram.
III. COMPARISON AND AVERAGING OF THE FILAMENTARY PROBE DATA
The plasma filaments and their properties change in dependence on many parameters and the comparison of individually measured filaments can be confusing. Therefore, we perform the analysis in 3 steps. At first, we compare the given parameters of individual filaments. At second, we create conditionally averaged signals of the filaments to obtain a representative filament for the given combination of the plasma parameters, shape and distance between the plasma separatrix and the filamentary probe. And finally, we compare the properties of the averaged filaments.
Fortunately, the filamentary probe position and holder construction are optimal for the long term observation of the plasma structures and their averaging due to its fixed position. Detection of the filament and consequent averaging is based on the most significant feature of the filaments, the peak in plasma density appearing as the peak in the ion saturation current signal. In practise, we detect the local maximum of the I sat signal and denote all the parts of the peak above the detection level I sat − I sat ≥ A * σ, where σ is the standard deviation, as the sought-after filamentary structure, see (time since the previous filament), duration of the filament (duration of I sat signal being above detection level), and some characteristics of the individual signals, namely, the swing amplitude (difference of maximum and minimum) of the signal during the filament. Subsequently, we can correlate the signals and evaluate properties with signals such as the filament velocity and effective size (duration of the filament passage multiplied by the filament velocity). We use an additional condition of reliable estimate of radial velocity from near signal correlation reaching at least a value of 0.5. Measured filaments' properties are compared for multiple discharges. In this work, we choose ohmic L-mode discharges #11104-#11108 with similar plasma parameters and shape during the flat-top phase, B T = 1.14 T, I P = 200 kA, n e = 5 × 10 19 m 3 , κ = 1.37, q 95 = 3.86. The filamentary probe remains on the same position during these discharges.
A. Filament properties correlations
One of our goals is the search for the mutual dependence of individual parameters of the filaments on each other. A possible correlation is illustrated by mutual plots of the parameters of individual filaments. In this work, we show the swing amplitude of the parallel electric current density during the filament with the duration of the filament according to the ion saturation current signal and waiting times since the former plasma filament.
The mutual plot of swing amplitude of parallel electric current fluctuationĵ par on the filament duration t filament shows apparent dependence, see Fig. 6 . The level of correlation reaches a value of R2 = 0.596 for analysed filaments. A similar level of mutual correlation was observed, e.g., I sat amplitude, swing amplitude ofV float , swing amplitude ofĵ par , and filament duration t filament as well. This correlation suggests mutual dependence between the filament parameters where more compact filaments carry and conserve higher parallel electric current. The broadening of the correlation suggests the influence of more parameters and will be further investigated.
On the other hand, we do not see any correlation between, e.g., the swing amplitude of the parallel electric current density fluctuationĵ par and waiting time of the filament t wait , see Fig. 7 . The correlation coefficient is even negative in this case, R2 = 0.07. Actually, the waiting time t wait seems to be uncorrelated with any other filament parameters including its duration t filament and I sat amplitude in discharges #11104-#11108. FIG. 6 . Swing amplitude of the parallel current densityĵ par in dependence on duration of the filament t filament for L-mode discharges #11104-#11108. The suggested linear approximation is given in red.
B. Conditional averages of parameter evolution
Except these significant parameters of the filaments, we compare the evolution of conditionally averaged evolution of signals during the filament. Presented signals are averaged only from individual Langmuir tip or coil block each that avoid the deformation of the result by an incorrect subtraction of the filament drift effect causing the temporal shift of the measured evolution of individual filament.
The evolution of the conditionally averaged L-mode plasma filament is presented in Fig. 8 . Chosen filaments were detected using the Langmuir tip RakeB2, i.e., on the inner wall of tower B second from top of the probe and first in the ion saturation current regime in this array and deep enough in between the coils to allow a better assignment of magnetic perturbations to the coils (coil block B4) and reconstructed parallel electric current to the space between the coils. Averaged signals come from only one diagnostic element each.
The evolution of the ion saturation current (RakeB2 and RakeB4) is smoothed into a peak characterized by fast exponential growth and slower exponential decrease of the signal (Fig. 8(a) ). The characteristic time constants of the signal rise and decrease during the filaments are τ up = 13.7 µs and τ down = 37.1 µs, respectively, for the peak on conditionally averaged signal RakeB2 used for detection. The peak density on the probe RakeB4 is not only   FIG. 7 . Swing amplitude of the parallel current densityĵ par in dependence on waiting time of the filament t wait for L-mode discharges #11104-#11108. The evolution of the floating potential V float (Fig. 8(b) ) shows clearly an increase at the beginning of the filament and drop near the maximum of the I sat signal. Signals of floating potential combine changes in the plasma potential and temperature, particularly the electron temperature. Separation of these effects one from another is not possible with only one not swept probe. The conditional averages of the floating potential signals on RakeB1, RakeB3, and RakeB5 show a clear decrease of the swing of the floating potential with a decay length of λ Vfloat = 39 mm. Apparent is the time shift of the drop as well. The corresponding radial velocity is v rad = 5.2 ± 1.8 km/s. Differences in the shape of the curves can be caused by several mechanisms. Additionally to the effect of the distance to the separatrix, i.e., different lifetime of the filament, we have to take into account a possible movement of the filament not only radially along the filamentary probe tower but with poloidal component, i.e., temporal evolutions represent different cuts through the filament. The last is the presence of the probe head itself with the effect on cooling of the plasma, recycling, etc. The assessment of the influence level for all these mechanisms will be part of our future work.
Perturbation of magnetic field (Fig. 8(c) ) is more significant in the radial component (δB rad -red and blue) than in the poloidal component (δB pol -black and green) of magnetic field. Moreover, the poloidal component of the magnetic perturbation in coil block B4 has an opposite direction than in coil block B5. Explanation is in mutual positions of the coil blocks B4, B5 and the Langmuir tip RakeB2 used for the detection of the filaments. The Langmuir tip is shifted poloidally in particular and, therefore, the recorded passing filament and its parallel current is poloidally shifted from the coils. The maximum poloidal component can be obtained if the filament passes in front of the tower, i.e., is detected by the Langmuir tips in the triplet on the top of the probe head. The radial position of the Langmuir tip RakeB2 is in the middle between the coil blocks B4 and B5 and implies that the source of perturbation for poloidal coils of blocks B4 and B5 is on the opposite side from the coil axis and, therefore, the signals have opposite direction. The absence of time shift between the signals is again in the triggering of the event in the same time when the centre of the filament is close to the detecting Langmuir tip RakeB2 and not moving over the probes.
The perturbation of parallel electric current ( Fig. 8(d) ) follows the trend of radial magnetic field perturbation with strong broad peak close to the peak of ion saturation current. This suggests the correlation of the parallel current density with the plasma density within the filament, similarly to Fig. 6 . A similar correlation was observed on the RFX-mod 3 with similar amplitudes of parallel electric current perturbation j par in the order of kA/m 2 the RFX-mod, i.e., similar as on the COMPASS tokamak.
In future, we will continue with the statistical analysis of filaments' properties and their dependencies for L-mode, ELMs, and inter-ELM phases. We expect, namely, higher parallel electric current in ELMs as promising from the comparison of magnetic perturbation of ELMs (30 mT) and Lmode filaments (0.1 mT) on the RFX-mod. 4, 5 The increase is expected to be approximately 2 orders of magnitude. Some preliminary results are shown in Ref. 23 .
IV. CONCLUSIONS
We have put in operation a special combined probe head allowing the measurement of electromagnetic properties of the plasma filaments within the scrape-off layer of the COMPASS tokamak. Temporal and spatial resolution satisfies to observe the temporal evolution of the passing L-mode filaments and their spatial structure. The probe allows a clear measurement of the plasma filament parameters including the parallel electric current perturbation.
Localisation and fixed position of the filamentary probe is optimal for the statistical analysis of the passing filamentary structures. We have found correlations of significant properties of the filaments, namely, between the swing amplitude of parallel electric current densityĵ par , swing amplitude of floating potentialV float , ion saturation current amplitude I sat , and duration of the L-mode filament t filament . These correlations will be further analysed in other discharges. No correlation was found with the waiting time of the L-mode filaments t wait .
We have presented the conditionally averaged evolution of the filamentary probe signals and discussed its features and dependence on the distance to the separatrix. The basic properties of the conditionally averaged filaments confirm most of the expected behaviour of the individual plasma filaments. A deep interpretation of the filamentary probe data on broader database of filaments is needed for a clear understanding of the filament physics and will be performed in future. We will continue with the statistical analysis of filaments' properties and their dependencies for L-mode, ELMs, and inter-ELM phases.
